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Background and aim of the study

From the onset of the Mayak Production Association
(Mayak PA), the key task of specialists at the Radiation
Safety Department of the enterprise and scientists of
Branch No.1 of the Biophysics Institute (FIB-1)! has al-
ways been to arrange individual dosimetry monitoring of
the personnel. In the 1940s and 1950s it was only possi-
ble to measure external exposures. A corresponding pro-
gram was introduced in June, 1948 and since then all
workers have been under individual external exposure
monitoring.

The situation of monitoring internal exposures was
more intricate. During the early years of the enterprise
operation, primary attention was focused on the exposure
to 90Sr and 137Cs. Assessments of body burdens of beta
activity due to uranium fission, based on 137Cs measure-
ments in the period 1977-1995 showed, however that
these activities were well below permissible levels
(Fig. 1). It took several years to realise that the major
risk for personnel health originates from internally de-
posited plutonium. Although first attempts to assess plu-
tonium body burdens were made in 1953, it was not until
1970 that it became possible to implement a set of tech-
niques for measuring plutonium in biological material
and to develop a biokinetic model of plutonium transport
and excretion in the human body [1]. Assessments based
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on these methods revealed an excess of permissible lev-
elsin many cases (Fig. 2).

In this paper, the term OLD_DOSES indicates assess-
ments of both external and internal doses recorded in Ma-
yak PA archives and/or obtained at FIB-1 until 1999, while
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Fig. 1 Frequency distribution of body burden due to beta-activity
of uranium fission (gross beta-activity for Mayak PA personnel)
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Fig. 2 Frequency distribution for the plutonium body burden of
the Mayak cohort. Assessment results are given for 31 December
1998 for those alive then, otherwise for the date of death
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Table1 Dosimeter performances used at Mayak PA

Dosimeter type Application period  Compensating filter Errora Energy range
IFK (film) 1948-1953 Without filter +30% 0.4-3.0 MeV
IFK+Pb (film) 1954-1960 Lead 0.75 mm Not yet determined Not yet determined
IFKU (film) 1961-1992 Lead 0.75 mm and +30%; Additional error due 0.1-3.0 MeV
0.5 mm aluminium to energy dependence
of sensitivity +20%
DDG-01 1993 up to now Lead and aluminium 1 g/cm? +15%; Additional error due 0.05-3.0 MeV

(thermoluminescent)

to energy dependence
of sensitivity +20%

aexpressed by standard deviations.

the term NEW_DOSES indicates dose assessments ob-
tained by applying first corrections. The Mayak PA and
FIB-1 archives contain information on external doses for
about 100,000 persons including Mayak PA workers, per-
sonnel of contracting agencies, military personnel and those
persons who were involved in the elimination of the conse-
quences of the radiation accident at Mayak PA in 1957 and
on interna doses for 8,694 Mayak PA workers. At FIB-1
the data are completely computerized, and at Mayak PA
about 50% of the information is entered into the database.

External exposure

Four types of personal dosimeters have been used to
monitor external exposures of Mayak workers (Table 1).
In the early period (1948-1953) the IFK film dosimeter
was used, its main limitation, however, was that it was
not suitable for appropriately measuring photons with
energies below 400 keV. The dosimeters subsequently
applied were equipped with compensating filters contin-
uously reducing the lower limit of the energy range.

The highest gamma-radiation doses of the Mayak PA
workers were recorded during the start-up and adaptation
phase of the reactor and the radiochemical plants
(1948-1952). Average annual values of tissue equivalent
doses in free air due to external exposures amounted to
1 Gy (Fig. 3), and maximum individual doses were up to
8 Gy per year. At that time individual control was con-
ducted at every shift and sometimes every operation. By
1953-1955, maximum doses dropped to 1 Gy per year,
and average doses to 0.1 Gy per year. Since 1968 at the
radiochemical plant and since 1974 at the reactor plant,
individual annual doses have not exceeded 50 mGy and
the average annual level of external exposure has been
about several mGy. These historical dose records are re-
considered in the frame of several international pro-
grams, which include the major tasks listed below.

Dosimeter characteristics
Thiswork includes the reconstruction of both old dosime-

ter types (with assessment of their sensitivity to low ener-
gy photons, electrons and anisotropic exposures) and cali-
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Fig. 3 Average annual external doses of reactor and radiochemi-
cal workers (Fig. reproduced from [14])
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Fig. 4 Energy dependence of dose sensitivity for personal film

dosimeters IFK, IFK+Pb and IFKU

bration conditions (including comparative measurements
with all dosimeter types under real plant conditions).

The energy dependence of the dosimeter sensitivity as
presented in Fig. 4 has been determined by measurements
in the Laboratory of Secondary Standards at GSF-National
Research Center of Environment and Health in Neuher-
berg, Germany. Accordingly, the greatest uncertainty in in-
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Table 2 Correction factors K defined by the ratio of historically recorded doses to improved dose estimates (ranges given in the third
column apply to different work places in the production divisions; K isthe average value and 9K its standard deviation)

Production division Dosimeter Range of correction K 3K (%)
type factors (K)
Radiochemical production: Entrance and intermediate divisions IFK 1.10-1.46 1.28 15
IFK+Pb 0.94-1.01 0.98 4
IFKU 0.89-0.94 0.92 3
Radiochemical production: Ending divisions IFK 1.02-2.8 191 47
IFK+Pb 0.96-1.21 1.09 11
IFKU 0.88-1.02 0.95 74
Plutonium production: Radiochemical divisions IFK 1.02-2.8 191 47
IFK+Pb 0.96-1.21 1.09 11
IFKU 0.88-1.02 0.95 74
Plutonium production: Chemical and metallurgical divisions IFK 1.13-1.73 142 21
IFK+Pb 0.84-0.96 0.90 4
IFKU 0.79-0.85 0.82 35
Reactor production: Central hall IFK 1.01-1.65 1.33 22
IFK+Pb 1.0-1.05 1.025 25
IFKU 0.95-1.01 0.98 31
Reactor production: Other divisions, besides central hall IFK 1.10-1.46 1.28 15
IFK+Pb 0.94-1.01 0.98 4
IFKU 0.89-0.94 0.92 3

dividual dose assessment has to be expected for the period
from 1948 to 1953, when dosimeters were used that did not
have filters to compensate for the energy dependence on
sengitivity. The IFK dosimeter has a very large sensitivity
to photons with energies below 150 keV, with a maximum
value of 23 at 50 keV, if calibrated with a137Cs source.

Reconstruction of radiation fields at the work place

It was necessary to reconstruct the source term parame-
ters in the 1950s-1980s, to perform radiation transport
calculations for different production areas of the work
place with the aim of determining photon fluences (in-
cluding their dependence on energy and direction) and to
make measurements of photon spectra with high purity
germanium detectors [2] in order to validate the simula-
tion calculations for current working conditions.

An analysis of historical records showed that there is
practically no information on the energy distribution of
the photon fields at different Mayak PA working areas
during the initial period of operation. Recently per-
formed photon transport calculations and measurements
yielded spectra at afew current Mayak PA production ar-
eas [2]. Calculations and measurements agree well and
show that above the storage site for spent fuel rods, pho-
tons with energies below 400 keV contribute 25-30% to
the absorbed dose in air whereas photons with energies
below 150 keV contribute 5-10%. The corresponding
spectral contributions at the shore of lake Karachai, used
for waste disposal, were 85% and 40%, respectively.

Improvements to estimates for doses due to external
photon exposures

The results on the sensitivity of detectors and on the radia
tion fields at work places are combined to improve the his-

torical dose estimates and to assess uncertainties. Ratios of
historical dose records and improved dose estimates are
denoted by a correction factor K (Table 2). The spread of
the factor K in Table 2 depends on the distance from the
source, on the presence or absence of a biological shield,
and on its thickness and composition. In total, calculations
were performed for 120 reconstructed photon spectra.
During the early years of Mayak PA operation
(1948-1953, when IFK dosimeters were used), the gamma
doses for the personnel were mostly overestimated, in
some work areas by afactor of 2.8. After the introduction
of IFKU dosimeters in 1960, the individual doses were
sometimes slightly underestimated due to dosimeter insen-
sitivity to photons with energies below 100 keV (Fig. 4).

Reconstruction of external doses due to exposures
not monitored by individual dosimeters

This study includes dose assessment for exposures to
both neutron and beta radiation. Since 1983, the doses
due to neutron fields at Mayak PA have been routinely
controlled with track dosimeters. A first approach to the
reconstruction of neutron doses was performed and the
results for certain production areas and working groups
were expressed in the form of ratios K,=D,/D,, where D,
and D, are tissue equivalent doses in free air due to neu-
tron or gamma exposures, respectively. A radiation
weighting factor for neutrons of 12 was assumed, based
on measured spectra and on values for the specific
equivalent dose per neutron fluence according to the
Russian Radiation Safety Standards [3]. The values giv-
en in these standards are similar to those published in
NCRP Publication No. 38 [4].

First estimates for K, varied from 0.02 to 0.45. The max-
imum contribution of neutrons to the individua dose (for a
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limited number of Mayak PA personnel) was observed at
terminal production areas of the radiochemical and plutoni-
um plants. At the reactor plant a substantia part of the
workers were exposed to neutrons. However, there was on-
ly aminor contribution of neutronsto their overall dose.

Under routine conditions, beta exposures did not con-
tribute significantly to the radiation doses of the workers
in the working areas of Mayak PA. However, for acci-
dent situations, the reconstruction of electron fields is
necessary in order to be able to derive their contribution
to the blackening of the film dosimeters.

Comparison of dose estimates obtained by different ethods

The dose estimates based on the occupational dosimetry
records are now being compared with estimates based on
EPR measurements of absorbed dose in tooth enamel
and on fluorescence in-situ hybridisation (FISH) mea-
surements of chromosome aberrations.

EPR measurements were made on 62 teeth which had
been extracted from Mayak PA workers for medical rea-
sons [5,6]. Because of the different dosimeter character-
istics, the workers of Mayak PA were subdivided into
two groups, depending on whether they received more
than 50% of their dose before or after 1 January 1961.

For the first group (24 workers), the EPR results on ab-
sorbed dose in enamel were highly correlated with esti-
mates of dose in air that were based on film badge read-
ings, on average they were 25% lower (Fig. 5). These re-
sults confirm that during the first period of operation the
exposure of Mayak PA workers was generally overesti-
mated by the historical records. For the second group (38
workers), the correlation (r=0.61) was not as high asin the
first group. The average ratio of the two dose estimates
was 1.1, which corresponds to the ratio of the absorbed
dosesin enamel and in air. It is a future task to take angu-
lar and energy characteristics of the radiation field into ac-
count to allow a more precise vaidation of the existing
dose estimates with the help of EPR measurements.

Comparing the dose estimates obtained by FISH mea-
surements of chromosome aberrations with the historical
dose records for 69 Mayak PA workers showed that the
yield of aberrations among the workers was lower than
expected according to historical dose records and a cali-
bration curve. The difference between these two dose es-
timates varied considerably among the individual work-
ers [7]. According to this study and the much better cor-
relation of EPR measurements with the historical dose
records, FISH measurements of chromosome aberrations
are of limited use in the validation of dose estimates for
Mayak PA workers.

Internal exposure

Since 1970, the plutonium content has been measured in
samples of diurnal urine at the biophysical |aboratory of
FIB-1. To derive internal doses from the results of these
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Fig. 5 Absorbed dose in tooth-enamel of workers at Mayak in
comparison with an assessment of the natural and man-made
background radiation dose in Ozyorsk plus occupational doses
that predominantly occurred before 1961 (points and error bars re-
present mean values and standard deviations of results for five
workers each, the value for a dose exceeding 4,000 mGy repre-
senting one worker)

measurements (which need to be continued), the follow-
ing tasks had to be accomplished.

Radiochemical analyses of organ/tissue specimens from
autopsied Mayak PA workers (*Autopsy” program)

Radiochemical analyses of organ/tissue specimens from
autopsied Mayak PA workers have been carried out with
the aim of obtaining information on plutonium distribu-
tion in the human body. By 2001, the “Autopsy” dat-
abase included data on 1206 post-mortem measurements
of former Mayak PA workers. Inter-laboratory compari-
sons with the U.S. Transuranium and Uranium Registries
(USTUR) showed an equivalence of the procedures for
sampling, radiochemical analysis and radionuclide mea-
surement in biological material. This made it feasible to
combine the data obtained in each of the two institutes
for joint data processing [8, 9].

Development of a classification system for plutonium
industrial aerosols

Plutonium inhaled with industrial aerosols is classified ac-
cording to physical and chemical properties. The trans-
portability index was chosen as a main criterion that pre-
determines the plutonium behavior in the respiratory tract
[10]. Transportability is determined by measuring the plu-
tonium fraction that penetrates a semi-permeable mem-
brane during 2 days of dialysis in Ringer’s solution. Te-
ble 3 shows that the plutonium content in lung and pulmo-
nary lymph nodes of autopsied workers correlates highly
with the transportability index. The issue of the correla-
tion between the transportability index and the dispersion
ability of plutonium industrial aerosols remains unsolved.



27

Table 3 Transportability of industrial aerosols at Mayak PA work places and the percentage of post-mortem plutonium body burden re-
maining in the respiratory tract (geometric mean values and geometric standard deviations are given in parentheses)

Workplace Reprocessing of

Plutonium fuel production Plutonium fuel production

uranium fuel (workplace 1) (workplace 2)
Transportability (%) 3.0(17) 1.0(3.0) 0.3(1.6)
Number of cases 223 261 59
Lung content?2 (%) 26(2.2) 75 (2.4) 25(1.8)
Lung and lymph nodes content2 (%) 4.2 (2.4) 15 (2.4) 50 (1.5)

aPercent of total body burden.

Development of amodel for plutonium excretion

Based on the data obtained at FIB-1 for 25 persons, Dur-
bin’s model [11] for the late period after plutonium inha-
lation was modified [12]. This model employs a superpo-
sition of five exponential terms to predict the plutonium
content e, in the urine of a healthy person a atimet (in
days) after a plutonium content g appears in the blood:

ea=q x 10 *(41exp(—0.56t) + 12exp(—0.1261)
+1.3exp(—0.0165¢) +0.3exp(—0.00231)
+0.13exp(—0.000027)) .

The corresponding expression for the plutonium content
g infecesis
er = g x 1074 (60exp (—0.35¢) + 16exp (—0.105¢)

+1.2exp(—0.01247) +0.2exp (—0.00182¢)
+0.052exp(—0.000021)).

There were no gender differencesin plutonium metabolism.

Information on the radiation environment at various
work areas and autopsy data were used to approximate
the plutonium deposition rate in the human body by a
function exponentially decreasing with time.

Development of alung clearance model

The structure of the FIB-1 lung clearance model was de-
veloped based on recommendations of ICRP-30 [13]. The
major characteristic of the model compared to those previ-
ously used is the presence of a component representing a
plutonium fraction that is fixed within the lung tissue [14].

Plutonium measurementsin urine (“Bioassay” program)

By 2001, the “Bioassay” database included information on
about 80,000 bioassays for 8,694 Mayak PA workers with
corresponding estimates of the plutonium body burden.
Although the FIB-1 model predicts the plutonium
body burden satisfactorily, its drawbacks are evident, the
main one being that the clearance of the respiratory tract
towards the throat (particle clearance) is not taken into
account. Neglecting this clearance leads to an underesti-
mation of the lung dose particularly in the early phase
after intake, if the dose assessment is based on a mea-
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(3]
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Fig. 6 Ratio of accumulated absorbed doses in the lung after acute
inhalation of plutonium in forms with different transportability

surement of the plutonium content in urine and a related
content in the lungs at a later time after the intake.
Therefore, the FIB-1 model was revised by adapting the
ICRP-66 lung clearance model to the actual data on the
metabolism of plutonium industrial compounds in the
Mayak PA workers[15].

Based on available data for nuclide urine excretion as
well as on exposure histories for persons from the stud-
ied cohort, plutonium burdens and internal doses were
calculated in accordance with the new model. A prelimi-
nary comparison (Fig. 6) indicates that on average “new”
doses are higher than “old” ones by a factor of 1.3 and
immediately after intake these dose assessments differ
by an order of magnitude [16].

Concerning the sub-cohort of Mayak PA workers for
whom measurements of plutonium content in urine have
been performed, the highest effective radiation doses
were recorded for Mayak PA workers hired between
1948 and 1953. Assuming a radiation weighting factor
for Pu of 20 [17], an average effective dose of 5.56 Sv
was obtained for this period. More than 60% of the dose
was due to internally deposited plutonium (Table 4). The
annual radiation doses decreased until the early 1980s by
2 orders of magnitude as a result of measures taken to
improve working conditions.

Future improvements to the internal dosimetry system
will involve an adaptation of the systemic model to fit
actual data obtained by FIB-1 scientists and a refinement
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Table 4 Dose estimates for the sub-cohort of Mayak PA workers for whom measurements of the plutonium content in urine have been

made (1 “DOSES_OLD”, 2 “DOSES_NEW")

Year of beginning of contact Methods 1948-1953  1954-1958  1959-1963  1964-1972  1973-1982
Average absorbed lung dose [Gy]
Internal 1 0.49 0.12 0.07 0.023 -

2 0.54 0.15 0.09 0.036 0.013
Average effective dose [Sv]
Total 1 5.16 1.39 0.64 0.207 -

2 5.56 1.67 0.80 0.270 0.116
By Internal 1 325 0.76 0.41 0.140 -

2 3.68 1.04 0.57 0.200 0.074
By External 1 191 0.63 0.23 0.067 -

2 1.88 0.63 0.23 0.070 0.042

of individual doses to organs of main deposition by both
the in-depth analysis of occupational exposure histories
and the inclusion of metabolic modifying factors (such
as state of health, smoking status, or age).
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